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The proteins of the Hedgehog (Hh) family are
secreted proteins exerting short- and long-range
control over various cell fates in developmental
patterning. The Hh gradient in Drosophilawing imag-
inal discs consists of apical and basolateral secreted
pools, but the mechanisms governing the overall
establishment of the gradient remain unclear. We
investigated the relative contributions of endocytosis
and recycling to control the Hh gradient. We show
that, upon its initial apical secretion, Hh is re-internal-
ized. We examined the effect of the resistance-nodu-
lation-division transporter Dispatched (Disp) on
long-range Hh signaling and unexpectedly found
that Disp is specifically required for apical endocy-
tosis of Hh. Re-internalized Hh is then regulated in
a Rab5- and Rab4-dependent manner to ensure its
long-range activity. We propose that Hh-producing
cells integrate endocytosis and recycling as two
instrumental mechanisms contributing to regulate
the long-range activity of Hh.
INTRODUCTION
Themechanisms bywhichmorphogen gradients are established
have been the focus of many investigations. They are thought to
involve regulations in the amounts of ligand released, transport
across developing tissues, rates of capture, endocytosis, and
degradation in receiving cells (Rogers and Schier, 2011).
One of the morphogens for which secretion and transport
mechanisms are intensively studied is the Hedgehog (Hh) protein
(Briscoe and The´rond, 2013). The processing of the full-length
Hh protein (Hh-FL) is atypical because, after signal sequence
cleavage, it undergoes autoproteolytic cleavage to generate an
amino-terminal peptide that is linked to cholesterol at its
carboxyl terminus (Hh-Np). All signaling activities are mediated
by Hh-Np, which is further modified by the covalent addition of
palmitate, that greatly increases the activity of the protein in
cell-based assays (Buglino and Resh, 2008; Mann and Beachy,
2004; Pepinsky et al., 1998; Taylor et al., 2001).
The analysis of the Hh gradient activity in the Drosophila wing
imaginal disc revealed some key features of its regulation. In the
wing disc epithelium, Hh is secreted from the posterior produc-290 Developmental Cell 32, 290–303, February 9, 2015 ª2015 Elseviing cells, which display no transcriptional response to Hh, and it
signals in the anterior receiving cells in a concentration gradient-
dependent manner. At short-range, the highest levels of Hh at
the anterior-posterior (A/P) border turn on expression of genes
encoding Engrailed (En) and Patched (Ptc), one of the Hh recep-
tors. At long range, lower levels of Hh are sufficient to induce
the expression of the decapentaplegic gene (dpp), a member
of the bone morphogenetic protein (BMP) family, and to stabilize
the levels of Cubitus interuptus (Ci), the transcriptional mediator
of the pathway (Briscoe and The´rond, 2013). We and others have
previously suggested that the Hh gradient is a composite of
pools secreted by different routes, apical and basolateral (Ayers
et al., 2010; Callejo et al., 2011). Furthermore, we have provided
genetic evidence that the Hh pool secreted by the apical pole
of Hh-producing cells exerts its long-range effects on low-
threshold targets (Ayers et al., 2010).
The long-range Hh activity in the wing imaginal disc raises crit-
ical questions as to how a dually lipidated protein escapes from
the lipid bilayer of the plasma membrane of producing cells and
how it can elicit direct responses at a distance of 10 to 15 cell di-
ameters from the source of production (50 mm in wing imaginal
discs). Several modes of transport involving the shielding of the
lipid anchors to allow Hh to be transported extracellularly have
been proposed. For example, the long-range activity of Hh has
been shown to be dependent on the oligomerization of the pro-
tein at the cell surface (Vyas et al., 2008) and soluble cholesterol-
modified multimers of Hh have been identified biochemically
(Gallet et al., 2006; Zeng et al., 2001). Hh has also been shown
to be associated with soluble lipoprotein particles (Pana´kova´
et al., 2005) or loaded onto secreted exovesicles in vitro and in
vivo (Gradilla et al., 2014; Matusek et al. 2014; Tanaka et al.,
2005; Vyas et al. 2014). Furthermore, it has been suggested
that Hh spreads on filopodia-like cellular extensions called
cytonemes (Bischoff et al., 2013). Improvements in our under-
standing of the regulation of Hh trafficking in Hh-producing
cells should shed light on the mechanisms of Hh release and
transportation.
Some insight into the process of Hh release came from the
identification of the dispatched (disp) gene encoding a multipass
transmembrane protein of the RND transporter family (Goldberg
et al., 1999). Disp contains a sterol-sensing domain (SSD), a
sequence of five consecutivemembrane-spanning helices found
in several membrane proteins involved in cholesterol homeosta-
sis (Kuwabara and Labouesse, 2002), and is involved in the
release and long-range activity of the lipid-modified Hh protein
from producing cells in fly, mouse, zebrafish, and humans (Burke
et al., 1999; Caspary et al., 2002; Kawakami et al., 2002;er Inc.
Ma et al., 2002; Nakano et al., 2004; Roessler et al., 2009; Tian
et al., 2005). Interestingly, a lack of Disp has no effect on intrinsic
Hh activity, because expression of the short-range target gene
patched (ptc) is observed in disp mutant tissues (Burke et al.,
1999). The vertebrate homolog, DispA, has recently been shown
to interact with the cholesterol moiety of human Shh and to act in
synergy with the vertebrate-specific Scube2, a secreted glyco-
protein that binds to a different part of the cholesterol molecule
to promote the release of Shh from the cell surface (Creanga
et al., 2012; Tukachinsky et al., 2012). Independently, in
Drosophila embryonic epithelial cells, Disp has been shown to
be required for the apico-basal trafficking of Hh (Gallet et al.,
2003).
The mechanism by which Disp promotes long-range Hh
signaling remains elusive. Disp is required for Hh secretion, but
it remains unclear at which step of Hh secretion Disp is needed
within the epithelium. We show here that the trafficking of Hh
to the apical pole of producing cells is not affected by Disp.
We found that, following its plasma membrane localization, Hh
is internalized in Hh-producing cells but is not degraded. Surpris-
ingly, the endocytosis of apical Hh is specifically impaired in the
absence of Disp activity, whereas internalization of the general
endocytic markers FM4-64 and Dextran is not affected. We
also demonstrated that the endocytosis and recycling of Hh in
a Rab5- and Rab4-dependent manner was required for its
long-range activity. We propose that in addition to its role in
the release of Hh from producing cells, Disp also regulates apical
internalization and the subsequent recycling of Hh in producing
cells, a process necessary to promote the long-range activity
of Hh.
RESULTS
Hh Is Internalized in Hh-Producing Cells
To investigate the uptake of Hh in producing cells, we analyzed
the distribution of endogenous Hh andGFP-Rab5 expressed at a
physiological level from a functional knockin construct (Figures
1A–1B0; Fabrowski et al., 2013). The small GTPase Rab5 local-
izes to early endosomes and is critical for the fusion of clathrin-
coated vesicles with early endosomes (Wandinger-Ness and
Zerial, 2014). To disrupt endocytosis, we made use of a consti-
tutively active form of Rab5 blocked in the GTP-bound state
(YFP-Rab5CA) and assayed for colocalization with the lipophilic
endocytic marker FM4-64. FM4-64 binds to the plasma mem-
brane lipids, is internalized in vesicles that rapidly fuse with
early endosomes, and follows the endocytic pathway in a time-
dependent manner (Vida and Emr, 1995). In cells expressing
YFP-Rab5CA, FM4-64 accumulated in Rab5CA-positive apical
endocytic vesicles, suggestive of endocytic defects (Figures
S1A–S1B0 available online). Random clones of cells expressing
YFP-Rab5CA were induced (Figures 1C–1D0) and the subcellular
distribution of Rab5was compared to the endogenous one. Both
GFP-Rab5 and YFP-Rab5CA accumulated at the subapical plane
of epithelial cells, below the level of cortical F-actin and E-cad-
herin (E-cad; Figures 1B and 1D). Endogenous Rab5 distribution
was also confirmed with an anti-Rab-5 antibody (Figure 1E).
Interestingly endogenous Hh colocalized with GFP-Rab5 and
accumulated within Rab5CA-positive apical endocytic vesicles
(Figures 1B and 1D, arrows). Note that we did not find accumu-Developlation of Hh in cells that overexpressed a WT version of Rab5
(Figures S1C and S1C0).
We also made use of the Hh-GFP fusion protein, which can
substitute for the endogenous Hh function (Torroja et al., 2004;
Figures S1D–S1G). Hh-GFP expression was driven by the
hhGal4 driver in the posterior compartment and colocalization
of Hh-GFP with endogenous Rab5 was analyzed (Figures 1E–
1F0). Hh-GFP puncta were found in Rab5-positive endosomes,
which were abundant at the apical side of the cells (Figures
1E–1F0).
Taken together, our data show that in posterior cells where
Hh is produced, Hh is internalized and trafficked to early
endosomes. We also noticed that endogenous Hh or Hh-GFP
barely colocalized with Rab5 at the basal plane (Figures 1B,
1D, and 1F).
Cholesterol-Modified Hh-GFP Is Endocytosed from the
Apical Surface in Hh-Producing Cells
We wondered whether the internalization of Hh by producing
cells may be a key step in the modulation of Hh release. We
analyzed the endocytosis of Hh in posterior cells further by
studying the dynamics of Hh-GFP internalization in live wing
imaginal discs. Hh-GFPwas expressed in the posterior compart-
ment and assayed for colocalization with FM4-64. Pulse-chase
experiments revealed that Hh-GFP puncta were co-internalized
with FM4-64-labeled vesicles (Figures 2A–2D). The percentage
of double-labeled vesicles gradually decreased over time and
was closely related to the subcellular distribution of FM4-64 ves-
icles (Figures 2A–2I). Over shorter periods (5 and 15 min), FM4-
64 vesicles weremore abundant in the apical half of the disc cells
(Figures 2E and 2F), whereas at later time points (30 and 45 min),
FM4-64 puncta were detected more basolaterally and appeared
to fuse into larger structures reminiscent of late endosomes. Sur-
prisingly, very few vesicles at the basal surface were double-
labeled for Hh-GFP and FM4-64, suggesting that Hh-GFP is
mostly taken up by apical endocytosis. Note that we could not
stain for endogenous Hh as the detergent necessary for tissue
permeabilization washes out the FM4-64 dye and is thus not
compatible with this protocol.
To determine whether the cholesterol moiety of Hh was
required for internalization, we examined the cellular uptake of
the Hh variant lacking the cholesterol adduct (Hh-N-GFP) (Gor-
finkiel et al., 2005). After expression in posterior cells, Hh-N-
GFP was present in the anterior compartment, attesting for
secretion (Figures S2B and S2E). However very few Hh-N-GFP
puncta colocalized with the FM4-64 marker in posterior cells,
suggesting that this construct was poorly internalized, if at all
(Figures S2H, S2K, and S2N; Table 1). These results demon-
strate that lipid-modified Hh is endocytosed from the apical sur-
face of producing cells and that the cholesterol moiety is
required for this process.
To examine whether cholesterol modification on its own
was sufficient to promote Hh internalization, we analyzed the
behavior of the cholesterol-modified GFP-Hh-C, a fusion protein
in which the Hh-N peptide has been replaced by GFP, and there-
fore contains the residues necessary for cholesterol modification
of the GFP peptide (Figure S2). A strong intracellular staining for
GFP-Hh-C was observed in posterior expressing cells whereas
no GFP signal was detected in anterior cells, suggesting thatmental Cell 32, 290–303, February 9, 2015 ª2015 Elsevier Inc. 291
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Figure 1. Hh Is Internalized in Rab5-Positive
Vesicles in Posterior Cells
(A–B0) Wing imaginal disc expressing Rab5-GFP
knockin stained for F-actin (blue), endogenous Hh
(red) and Rab5 (green). (A and A0) Single XY sub-
apical section and (B and B0) single XZ section
through posterior compartment. Endogenous Hh
colocalized with GFP-Rab5 below cortical F-actin
level. White arrows (B and B0) show examples of
colocalization between Hh and endogenous Rab5-
positive endosomes.
(C–D0) Wing imaginal disc expressing random
ectopic clones of Rab5CA. (C and C0) Projections of
four confocal sections 250 nm apart at the apical
surface. The overexpression of YFP-Rab5CA protein
in a posterior clone caused an increase of Hh levels
at the apical surface of Hh-producing cells (red in C,
white in C0). The posterior clone is delimited by a
green dashed line. (D and D0) Single XZ section
perpendicular to the A/P boundary through the
posterior Rab5CA clone. E-cad (blue) marks apical
junctions. Rab5CA-positive vesicles (green) are
apically distributed and (D0) colocalized with
endogenous Hh (red), which accumulates in Rab5-
positive endosomes. White arrows (D and D0) show
examples of colocalization between Hh and Rab5-
positive endosomes.
(E–F0) Wing imaginal discs expressing Hh-GFP in
the posterior compartment stained with antibodies
against GFP (green), Rab5 (red), and E-cad (blue).
(E0–E0 0 ) High-magnification image of the inset in (E)
depicting single confocal section 2 mm below the
apical surface. (E0) Anti-GFP and anti-Rab5 staining
and (E0 0) colocalization of both proteins. (F and F0)
Single XZ section perpendicular to the D/V axis
showing the dual staining for Hh-GFP and Rab5.
Note the enrichment of Hh-GFP and Rab5 at the
most apical region of the disc. (F0) Only the positive
endosomes costained for Rab5 and GFP are shown.
In all images, white broken lines delimit the A/P
border.
(A–C0) A, anterior compartment; P, posterior
compartment.
(C0, D0, F0) Scale bars represent 20 mm. See also
Figure S1.this construct was not secreted (Figures S2C and S2F). Staining
for the cis-Golgi compartment confirmed that part of GFP-Hh-C
accumulated within the Golgi (Figures S2P–S2Q0). We therefore292 Developmental Cell 32, 290–303, February 9, 2015 ª2015 Elsevier Inc.were not able to determine whether the
cholesterol modification was sufficient to
promote Hh internalization.
Hh Does Not Traffic through the
Endocytic Pathway to the Lysosome
The localization of Hh to the endocytic
compartment of producing cells suggested
the possible trafficking of Hh to the lyso-
some for degradation. We tested this hy-
pothesis by generating clones of cells
mutant for deep orange (dor), which en-
codes a homolog of the yeast VPS protein
required for the delivery of vesicular cargosto lysosomes (Sevrioukov et al., 1999). The lack of dor activity re-
sulted in the accumulation of poly-ubiquitinated epitopes (poly-
Ubi) of proteins trafficking to degradative lysosomes (Figures
2L and 2L0). Depletion of dor activity in anterior clones close to
the A/P border resulted in a 2-fold increase of Hh and Ptc levels
(Figures 2J–2J0 0), probably due to the targeting of Hh/Ptc to the
lysosomal compartment as previously shown (Gallet and Ther-
ond, 2005; Torroja et al., 2004). In contrast, in posterior dor
mutant cells, no change in Hh levels was observed, suggesting
that Hh, internalized in posterior cells, is not targeted to the
degradative pathway (Figures 2K–2L0 0). We therefore considered
the possibility that some of the internalized Hhmight be recycled
in producing cells.
Rab4 Mediates the Recycling of Hh to the Apical
Membrane and Its Long-Range Activity
Previous studies have shown that Rab4 directs fast recycling
from early endosomes to the plasma membrane in mammalian
cells (de Renzis et al., 2002). We investigated whether recy-
cling played a role in Hh gradient formation by targeting the
expression of the dominant-negative protein Rab4 (YFP-
Rab4DN) or of RNAi against Rab4 to the dorsal compartment
with the apGal4 driver (Figure 3). Sixteen hours after Rab4DN
induction in dorsal cells, apical dorsal Hh staining was
decreased by 50% as compared to apical ventral Hh levels
(Figures 3A, 3B, and S3E). In dorsal cells, Hh puncta seemed
redistributed basolaterally, where they colocalized with the
Rab4DN-positive compartment (Figures 3B–3C0). The basolat-
eral redistribution of Hh was specific and was not observed
for other markers, such as atypical protein kinase C (aPKC),
E-cad, and Disc large (Dlg; Figure S3F). This redistribution
was not observed in cells expressing YFP-Rab4WT (Figures
S3A–S3C) but was observed in dorsal cells depleted for
Rab4 (Figure 3D).
Because the long-range Hh gradient is formed at the apical
plane (Ayers et al., 2010), we wondered whether the basolateral
redistribution of Hh in Rab4DN- or in Rab4-RNAi- expressing cells
would impinge on the long-range activity of Hh in the anterior
compartment. Following the expression of YFP-Rab4DN or
RNAi against Rab4 in Hh-producing cells, the Hh-dependent sta-
bilization of Ci and dpp-lacZ reporter gene expression were
significantly reduced, whereas the short-range targets, En and
Ptc, were not affected (Figures 3E–3P0). We also found that the
overexpression of Rab4-RNAi in the dorsal compartment
mimicked the effects of Rab4DN on the long-range activity of
Hh, whereas Rab4WT expression had no effect (Figures S3D–
S3D0 0 and S3H–S3K0). Similarly, the expression of Rab5DN in
the posterior compartment decreased Hh long-range activity
but did not affect the expression of short-range target genes
(Figures S3L–S3O).
To test if impaired Hh activity was associated with defects of
Hh release, we expressed Rab4DN in the dorsal compartment.
This led to an accumulation of Hh at the apical plasma mem-
brane in dorsal-Rab4DN expressing cells compared to their WT
neighbors (Figures S3G and S3G0). Accumulated Hh was
detected in nonpermeabilized discs (see Experimental Proce-
dures), suggesting that Hh is retained at the outer plasma mem-
brane surface of producing cells.
Altogether, our data suggest that the long-range activity of
Hh is promoted by its apical internalization with a major contri-
bution from the canonical Rab5/Rab4-dependent recycling
pathway.DevelopDisp Is Not Required for the Trafficking of Hh to the
External Surface of Secreting Cells
Given that previous studies have shown that the long-range ac-
tivity of Hh relies on Disp function (Burke et al., 1999; Caspary
et al., 2002; Kawakami et al., 2002; Ma et al., 2002; Nakano
et al., 2004; Roessler et al., 2009; Tian et al., 2005) and on the
apical pool of Hh released from Hh-producing cells (Ayers
et al., 2010), we examined the role of Disp in Hh trafficking. We
reasoned that in Hh-producing cells, Disp might be required
for trafficking of Hh toward the apical pole of the plasma mem-
brane. To test this, we examined the subcellular distribution of
Hh in cells lacking Disp activity by conventional (permeabilized
discs) or extracellular (nonpermeabilized discs) antibody stain-
ing, which reveal the total and the cell-surface Hh pools, respec-
tively. Conventional staining showed a substantial increase in Hh
levels, evenly distributed along the apico-basal axis of disp
mutant cells and disp mutant discs, and no defects in the distri-
bution of the apico-basal markers as compared to WT (Figures
4A–4B0, S4A–S4B0, and S4E–S4F0). Extracellular staining re-
vealed that Hhwas present at both apical and basal external sur-
faces of dispmutant cells, as inWT cells, but wasmore abundant
at the apical pole of themutant cells than in the adjacentWT cells
(Figures 4C–4D0). This suggests that, in contrast to observations
for other epithelia (Gallet et al., 2003), Disp is not required for the
trafficking of Hh to the apical domain of the wing imaginal disc.
We checked that this extracellular detection was not due to
the contribution of Hh secreted from WT surrounding cells by
repeating the staining on discs entirely mutant for disp activity.
As in our clonal analysis, we detected a substantial accumulation
of cell-surface Hh at the apical surface of Hh-producing cells
(Figures S4C–S4D0). These data suggest that, despite the lack
of Disp activity, Hh is delivered through primary secretion to
the apical side of the epithelium and accumulates externally. It
is likely that this accumulation leads to a traffic jam in the Hh
secretory pathway, resulting in an overall accumulation of intra-
cellular Hh. We therefore conclude that the principal role of Disp
is to regulate Hh once it has reached the external side of the api-
cal plasma membrane of producing cells.
Hh Internalization in Producing Cells Is Impaired in disp
Mutants
How can we reconcile the apical accumulation of extracellular
Hh in disp mutant discs and the lack of long-range Hh activity?
As apical Hh is internalized and Hh gradient activity is regulated
by Rab5-/Rab4-dependentmechanisms, we explored the possi-
bility that Disp regulates the uptake of apical Hh in Hh-producing
cells. We therefore expressed Hh-GFP in the posterior compart-
ment of disp mutant discs and assayed for colocalization with
FM4-64. The lack of disp activity resulted in an impairment of
Hh-GFP endocytosis at all the points tested because dually
labeled Hh-GFP/FM4-64 vesicles were barely observed in this
background (Figures 4E–4L; Table 1). However, the distribution
of internalized FM4-64 vesicles was similar in WT (Figures 2E–
2I) and disp mutant discs (Figures 4I–4L), suggesting that the
general endocytic process was not affected in the absence
of Disp.
To confirm this finding, we compared the distribution of vesi-
cles positive for FM4-64 or for Dextran, another endocytic
marker, in WT and disp mutant cells within the same disc. Wemental Cell 32, 290–303, February 9, 2015 ª2015 Elsevier Inc. 293
AE F G H
B C D
I
K K’ K’’
I’ I’’ J J’
Figure 2. Endocytosis of Hh-GFP in Producing Cells Does Not Lead to Hh Degradation
(A–H) Live wing imaginal discs expressing Hh-GFP in the posterior compartment incubated with the endocytic marker FM4-64 (red) and chased for the indicated
times. (A–H) Single XZ sections in the posterior compartment perpendicular to the D/V axis. (A–D) Numerous Hh-GFP-containing structures are endocytic by
nature as shown by their colocalizationwith the endocyticmarker FM4-64 (circles). (E–H) Images depict FM4-64-positive vesicles over different periods. Note that
the subcellular distribution of endocytic vesicles trafficks from the apical to the basolateral surface in a time-dependent manner. Note that the lowering of Hh-
GFP/FM4-64 dually labeled vesicles correlates with the trafficking of FM4-64 vesicles from the apical to the basolateral surface.
(I–L0 0) Hh levels are unaffected in posterior dor deficient cells. Wing discs with dormutant clones marked by the absence of RFP and delineated by dashed white
lines. Projections of four confocal views 250 nm apart passing through the lateral cell membranes, stained for Hh (green and gray; J, J0 0, K, K0, L, and L0 0 ), Ptc (blue
and gray; J and J0), and Ubi (blue and gray; L and L0). dor mutant cells in the anterior compartment show an accumulation of Ptc and Hh (J–J0 0 ) and Hh and Ubi
(L–L0 0). Quantification of Hh and Ptc staining intensity in the anterior compartment (J–J0 0) revealed a substantial increase in dor-deficient cells as compared to WT
(legend continued on next page)
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Table 1. Quantification of FM4-64, Hh-GFP (in WT and disp–/– discs), Hh-N-GFP, or GFP-Hh-C-Positive Structures
Hh-GFP Constructs Fluorescence Detected
Puncta # after
5 min Chase
Puncta # after
15 min Chase
Puncta # after
30 min Chase
Puncta # after
45 min Chase
Hh-GFP (WT) (n = 11) (n = 14) (n = 14) (n = 9)
FM4-64+ 328 406 402 252
GFP+ 403 506 512 326
GFP+FM4-64+ (double positive) 231 256 210 92
GFP+FM4-64+/GFP+ (endosomal fraction of Hh) 57.1% 50.8% 41.1% 28.3%
Hh-GFP (disp/) (n = 6) (n = 9) (n = 9) (n = 6)
FM4-64+ 182 265 258 169
GFP+ 228 351 333 217
GFP+FM4-64+ (double positive) 2 5 3 1
GFP+FM4-64+/GFP+ (endosomal fraction of Hh) 0.9% 1.4% 0.9% 0.5%
Hh-N-GFP – (n = 9) – –
FM4-64+ ND 276 ND ND
GFP+ ND 432 ND ND
GFP+FM4-64+ (double positive) ND 3 ND ND
GFP+FM4-64+/GFP+ (endosomal fraction of Hh-N) ND 0.925% ND ND
GFP-Hh-C – (n = 6) – –
FM4-64+ ND 190 ND ND
GFP+ ND 507 ND ND
GFP+FM4-64+ (double positive) ND 0 ND ND
GFP+FM4-64+/GFP+ (endosomal fraction of Hh-C) ND 0 ND ND
Total number of internalized FM4-64- or Hh-GFP-positive structures for each incubation time in posterior cells of four to five discs (FM4-64 chase starts
at t = 0; n = total number of Z sections 2 mm apart). There is no statistically significant difference for the FM4-64 endocytic vesicles over time (p = 0.48
[ANOVA]). ND, not determined.found that the distribution of FM4-64- or Dextran-positive vesi-
cles were similar in both cell types (Figures 4M–4P0). We also
found that Hh uptake and Ptc expression in disp mutant cells
could be rescued by the expression of a functional tagged
form of Disp (Disp-HA or Disp-GFP; Figures S4H–S4I0 and
S5G–S5I, respectively). The distribution of Disp-HA was
analyzed by optic and electron microscopy and showed that
Disp was present at the plasma membrane, at various places
such as apical, lateral, and basal (Figures S4J–S4P), which is
compatible with a role of Disp at the plasma membrane. Thus,
although Disp is dispensable for the general endocytic process,
Disp activity is required for the uptake of Hh-GFP in Hh-produc-
ing cells.
Disp Is Required for the Endocytosis of Hh Provided
Extracellularly
Two different mechanisms might account for the internalization
of Hh in Hh-producing cells. In a one-step mechanism, the cell
surface-associated Hh is directly internalized in a Disp-depen-
dent manner. Alternatively, in a two-step mechanism, the cell
surface-associated Hh is extracted into the extracellular space
in a Disp-dependent manner, and is then recaptured and subse-cells (Hh: 35.4 ± 1.22 and 19.55 ± 1.37, Ptc: 71.1 ± 3.9 and 31.11 ± 2.31, in do
significant difference in Hh expression levels was detected between dormutant a
p value = 0.78, t test), whereas Ubi staining increased (L0). The anterior/posteri
posterior clones were examined.
(H, J0, and K0 0 ) Scale bars represent 20 mm. See also Figure S2.
Developquently internalized independently of Disp. If Disp is necessary
for the internalization, we reasoned that a pool of Hh secreted
from WT cells (with Disp activity) and distributed at the apical
surface of posterior disp mutant cells would not be internalized
and would instead be accumulated at the cell surface.
To address these issues, we took advantage of the architec-
ture of the wing disc, which consists of two layers of cells with
apical surfaces facing each other: the columnar epithelium of
the disc proper, overlayed by the squamous epithelium known
as the peripodial membrane, but separated by an extracellular
space (lumen). It is known that following Hh production by peri-
podial cells, Hh is secreted into the lumen and activates Hh-
responsive targets in columnar cells (Figure 5, upper left scheme;
Pallavi and Shashidhara, 2003; Vyas et al., 2008). We therefore
produced Hh-GFP and Disp-HA in peripodial cells of dispmutant
discs to provide themwith Disp activity and ensure the release of
Hh-GFP only from the peripodial membrane (Figure 5, upper
right scheme). This strategy made it possible to monitor Hh-
GFP internalization into the underlying columnar cells mutant
for Disp activity, and to analyze the accumulation of extracellular
Hh-GFP at their apical surface. With an extracellular staining of
Hh-GFP in the WT background, we could show that Hh wasr mutant and WT cells, respectively). (K–L0 0) In the posterior compartment, no
nd surrounding WT cells (K and K0: 36.01 ± 3.42 and 36.49 ± 3.42, respectively;
or compartment boundary is indicated by a white line. Six to 14 anterior and
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Figure 3. Rab4DN Expression Alters the Subcellular Distribution of Hh and Decreases Long-Range Activity
(A–C0 0) Discs after 16 hr of YFP-Rab4DN or (D) Rab4-RNAi expression in the dorsal compartment stained for Hh (red), F actin (blue in A–C and green in D), and YFP-
Rab4DN (green in A–C). (A–A0 0 ) Single confocal section 3 mmbelow the apical surface. (A0) Hh staining is shown in gray. The rectangle in A0 corresponds to the area
quantified in Figure S3E. (B and B0) Magnification of the white square defined in (A) showing a merged image (B), and the colocalization of Hh and Rab4DN (B0 ).
(legend continued on next page)
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present at the outer leaflet of peripodial cells, indicating that it
has been correctly secreted (data not shown). With conventional
staining, luminal Hh-GFP was barely detectable in the WT back-
ground (Figures 5A–5A0 0). Nevertheless, we observed Hh-GFP-
positive puncta particularly abundant at the level and below
the apical membrane of columnar cells, presumably reflecting
vesicular structures (Figures 5A0 and 5A0 0, green arrows). This
prompted us to investigate the internalization of ectopically
secreted Hh-GFP with FM4-64 in live discs. We observed Hh-
GFP puncta at cell membranes and double-labeled FM4-64/
Hh-GFP vesicles (Figures 5B–5C0), suggesting that a substantial
subset of the Hh-GFP puncta (quantitative analysis showed that
this subset corresponded to 46% of the total number) were
derived from endocytosis into columnar cells. These results
validate our strategy and confirm that extracellular Hh-GFP,
secreted from peripodial cells, is taken up by endocytosis at
the apical pole of columnar cells with functional Disp activity.
When columnar cells, but not peripodial cells, lacked disp ac-
tivity, the discs were smaller and more closely resembled those
observed when Disp was absent from both epithelia (Figures 5A
and 5D). Hh-GFP particles in peripodial cells looked similar inWT
and in rescued disp mutant cells, both expressing the Disp-HA
transgene, suggesting that a similar form of Hh-GFP in both ge-
notypes is released from peripodial cells (Figures S5A–S5D0). In
contrast to what was observed in the WT background, secreted
Hh-GFP accumulated within the lumen of disp mutant discs
(Figures 5D–5D0 0). Uptake assays showed that, despite FM4-
64 internalization (Figure 5F), no colocalization of Hh-GFP and
FM4-64 was observed (Figures 5E and 5F). Hh-GFP remained
at the apical membrane of columnar cells lacking Disp activity
(Figures 5F and 5F0 and inset). An uncleavable form of Hh (Hh-
UNHA; Chu et al., 2006) expressed in peripodial or columnar cells
was not secreted, confirming that the Hh-GFP detected in the
luminal space corresponds indeed to the processed form of
Hh and not to the full-length Hh-GFP (Figures S5E–S5F0).
Altogether, these results are consistent with the hypothesis
that the endocytosis of extracellular Hh-GFP is sensitive to
Disp. These data strongly suggest that Disp is required for the
internalization of secreted Hh in Hh-producing cells.
DISCUSSION
Here we show that the multipass transmembrane protein Disp
has a critical role in the internalization of Hh in Hh-producing
cells. Furthermore, our studies reveal that both Rab5 and
Rab4, respectively involved in endocytosis and recycling, were
instrumental in regulating long-range Hh activity. We proposeQuantifying six confocal sections/disc on 16 discs indicates that 85% of the brigh
in the posterior-dorsal compartment. Rab4DN and Hh localize at the lateral and b
(D) Single confocal XZ section overlapping the dorso-ventral compartment of di
delimit the ventral (V) and dorsal (D) compartments.
(E–P0) hhGal4 UAS-YFP-Rab4DN, tubGal80ts (E-H’) or hhGal4 UAS-Rab4-RNAi, tu
for controls or reared at 29C (Gal80ts restrictive temperature) for 20 (E–H0) or 30
cells. Discs were stained for Ci (E and E0), b-gal (reflecting expression of the report
(I–L) Quantification of Ci, dpp-lacZ, En, or Ptc staining intensity at both permiss
imaged in parallel under identical conditions. At least eight discs from each pheno
the A/P boundary (indicated by a dotted white or black lines in E–H0 and I–L, respe
discs.
(A0, B0, D, H0, P) Scale bars represent 20 mm. See also Figure S3.
Developthat Disp-dependent endocytosis and subsequent recycling
contribute to the establishment of the Hh morphogen gradient.
The apical decrease and basolateral accumulation of choles-
terol-modified Hh in Disp mutant Drosophila embryos led to
the suggestion that Disp was necessary for the trafficking of
Hh to the apical pole of producing cells (Gallet et al., 2003). We
show here that, in wing imaginal discs lacking Disp function,
Hh protein is present at the apical surface of Hh-producing cells.
These findings suggest that in these cells, the secretion of Hh to
the outer leaflet of the plasma membrane is independent of Disp
activity. Results also suggest that Disp may regulate Hh secre-
tion once Hh has accumulated at the external surface of the
plasma membrane, consistent with the distribution of Disp at
the plasma membrane.
Disp may facilitate the direct release of Hh from the plasma
membrane into the extracellular space. Indeed, the vertebrate
homolog of Disp, Dispatched-A (DispA), has recently been
shown to act in synergy with the vertebrate-specific Scube2, a
secreted glycoprotein, to control vertebrate Hh release (Creanga
et al., 2012; Tukachinsky et al., 2012). DispA and Scube2 recog-
nize and bind directly to different structural aspects of the
cholesterol attached to vertebrate Hh and act in a sequential
manner, with DispA transferring cholesterol-modified Hh to
Scube2, possibly at the plasma membrane. In this model,
Scube2 shields the cholesterol anchor of Hh, allowing this pro-
tein to be transported in a hydrophilic environment. There is no
Scube2 homolog in Drosophila, raising questions about whether
a similar process regulates the extraction of Drosophila Hh from
the plasma membrane bilayer.
We provide evidence here for an additional role of Disp. We
show that, after reaching the plasma membrane, cholesterol-
modified Hh is endocytosed in a Disp-dependent manner (Fig-
ures 2 and 4). In contrast to the findings of a previous report sug-
gesting a role for Disp in the regulation of general vesicular traf-
ficking (Callejo et al., 2011), we demonstrate here that Disp does
not affect the internalization of the widely used endocytic
markers FM4-64 and Dextran (Figure 4). We confirmed that
Disp did not regulate general vesicular trafficking because, in
disp mutant animals, no defect was observed in the subapical
localization of the E-cad transmembrane marker (this work)
or in the Notch or Wingless pathways, which require tight
regulation of receptor and ligand internalization for correct acti-
vation (Le Borgne et al., 2005; Seto and Bellen, 2006; data not
shown).
What is the role of Hh endocytosis in Hh-producing cells?
Endocytosis could be required for the degradation of an unnec-
essary pool of Hh and regulation of the overall level of Hhtest Rab4DN punctae colocalized with Hh. (C and C0) Single confocal XZ section
asolateral planes.
sc expressing Rab4-RNAi in the dorsal compartment. The white broken lines
bGal80ts (M–P0) discs raised at 18C (Gal80ts permissive temperature) up to L3
(M–P0) hours to allow YFP-Rab4DN or Rab4-RNAi expression in Hh-producing
er gene dpp-lacZ; F, F0, N, and N0), En (G, G0, O, and O0), or Ptc (H, H0, P, and P0).
ive (green lines) and restrictive (red lines) temperatures, of discs stained and
type were analyzed. Quantifications are plotted as a function of distance from
ctively) and are for the discs shown in E–H0, but representative of all examined
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Figure 4. Disp Is Required for the Endocytosis of Hh in Producing Cells
(A–D0) Discs with dispmutant clones in Hh-producing cells were analyzed by conventional (A–B0) or extracellular staining for Hh (C–D0). Clones are marked by the
absence of GFP and the dashed green line. White dotted lines in (A) and (C) indicate the position of the Z-sections shown in (B) and (D). (A–B0) Hh (red or gray) is
strongly accumulated in dispmutants clones. (B–B0) The Z-section shows an even distribution of Hh along the apico-basal axis. Note that Hh also accumulates
above the E-cad (blue). (C–D0 ) Extracellular labeling reveals the distribution of Hh at the apical surface of the epithelium. Blocking Disp activity leads to a strong
accumulation of Hh at the apical pole as compared to surrounding WT cells. E-cad marks apical junctions.
(legend continued on next page)
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produced by posterior cells. However, this seems unlikely
because we found no evidence for Hh degradation in these cells
(Figure 2). Furthermore, if endocytosis was necessary for Hh
degradation, then the inhibition of Hh endocytosis would not
be expected to decrease the range of Hh activity. However,
the use of Rab5DN to inhibit Hh endocytosis in posterior cells re-
sulted in the decrease of expression of the long-range target
dpp, suggesting that endocytosis was required for the long-
range activity of Hh (Figure S3). Following Rab5DN expression,
the decrease in Hh target expression was weaker than that
observed in disp mutant animals (Burke et al., 1999). There are
two nonmutually exclusive reasons for this: the use of Rab5DN
to block Hh endocytosis without affecting cell viability may not
have resulted in a complete blockage of Hh internalization, and
the residual levels of endocytosis may have resulted in signifi-
cant long-range Hh activity. Alternatively, the disp phenotype
may result in cumulative defects of Hh extraction from the
plasma membrane and endocytosis.
The regulation of Hh internalization by Disp provides new per-
spectives regarding our understanding of Disp function. The
enzymatic function of this protein remains unknown, but it has
been assigned to the RND transporter family based on its
conserved residues. The members of this family are prokaryotic
proton-driven transporters providing resistance to drugs or
heavy metals by exporting these substrates out of the cell. Mu-
tations affecting the aspartic acid residues in transmembrane
domain 4, essential for proton translocation across the mem-
brane in other RND members (Goldberg et al., 1999), affect
Disp activity (Ma et al., 2002). Because RND proteins are proton
gradient-driven transporters, Disp might be internalized and
therefore function in an acidic compartment, such as endocytic
vesicles, which possess a transmembrane proton gradient. Hh
and Disp have been detected in internalized vesicles (Callejo
et al., 2011), suggesting that internalized Disp may be required
for the homeostasis of a Hh-specific secretory compartment,
such as recycling compartments. This suggests that Disp may
display at least two functions: in posterior cells, in which the
Hh receptor Ptc is absent, Disp may bind Hh directly, thereby
promoting its internalization; whereas the enzymatic Disp activity
may be required in endocytic compartments containing both
proteins. It is possible that Disp functions in this endocytic
compartment by associating Hh with dedicated proteins serving
as carriers for its long-range transport. Interestingly, the long-
range activity of Hh depends on the clustering of Hh oligomers
with heparan sulfate proteoglycans and packaging into lipopro-
tein particles (Pana´kova´ et al., 2005; Vyas et al., 2008). Thus,
endocytic and vesicular Disp activity may be required for the for-
mation of an active pool of Hh, in preparation for its extracellular
transportation.
We previously provided genetic evidence showing that the
spread of the apical pool of Hh causes the long-range induction(E–L) Live wing imaginal discs expressing UAS-Hh-GFP in the posterior compartm
chased for the indicated times. Single XZ sections in the posterior compartment
GFP and FM4-64 are observed. (I–L) Images depict the up-taken FM4-64 vesi
incubation time.
(M–P0) In discs with dispmutant clones the distribution of FM4-64 (M–N0) or Dextra
the surrounding WT cells. Mutant clones are labeled by the absence of GFP and
(A0, B0, C0, D0, L, N0, and P0) Scale bars represent 20 mm. See also Figure S4.
Developof low-threshold targets (Ayers et al., 2010). The data presented
here suggest that Hh is recycled to the apical membrane after
endocytosis (Figure 6). Indeed, the expression of a Rab4DN
variant, which has been shown to impair recycling from early
endosomes to the plasma membrane in mammalian cells
(de Renzis et al., 2002), induced the basal relocalization of
Hh and a decrease in the expression of long-range targets (Fig-
ure 3). These data suggest that the apical recycling is probably
required for the long-range activity of Hh. Alternatively, it has
been suggested that Hh endocytosis is required for the transcy-
tosis of Hh from the apical to the basal poles of producing cells
(Callejo et al., 2011), which correspond to a distance of about
40 mm in these cells. However, we found no evidence for trans-
cytosis in this study. We think that the development of new
tools for tracking single molecules will be required for investiga-
tions of the trafficking of internalized Hh in producing cells.
What can be the form of the re-launched Hh protein and why
should endocytosis be required for this? We and others sug-
gested that Hh and Hh-related peptides can be secreted on exo-
vesicles (Tanaka et al., 2005; Lie´geois et al., 2006; Gradilla et al.,
2014; Matusek et al., 2014). Exovesicles may be generated by
plasma membrane budding or by fusion of endocytic multivesic-
ular bodies with the plasma membrane, leading to the release of
multivesicular body intraluminal vesicles into the extracellular
space (Colombo et al., 2014). Our data suggest that defects in
multivesicular body trafficking in Hh-producing cells do not
correlatewith defects inHh signaling (Matusek et al., 2014). Inter-
estingly, Rab4 is present in exovesicles fromhuman reticulocytes
(Vidal and Stahl, 1993) and colocalizes in vivo with Wingless in
secreted particles (Gross et al., 2012). It is thus possible that
endocytosis is necessary for Hh to traffic through a Rab4 recy-
cling compartment before being targeted to a plasmamembrane
subdomain, where Hh would be prepared to be loaded on
exovesicles.
In summary, we show that the mechanism of Hh release is not
based purely on the primary secretion of Hh. Our results reveal
the existence of a Disp-dependent secondary secretion mecha-
nism for Hh, involving the internalization and recycling of this pro-
tein before its release and long-range transport.EXPERIMENTAL PROCEDURES
Drosophila Stocks and Clonal Analysis
The following stocks were used in this study: w1118, ap-Gal4, hh-Gal4, ubx-
Gal4, tub-Gal80ts, YFP-UAS-Rab5CA, YFP-UAS-Rab4DN (Zhang et al., 2007),
and were obtained from the Bloomington Stock Center. The UAS-RNAi line
against Rab4 Rab424672GD) was from Vienna Drosophila RNAi Center. UAS-
Dicer2 (Bloomington), UAS-Hh-GFP (Torroja et al., 2004), UAS-DispHA (Burke
et al., 1999). dispSO37707 is a null allele (Burke et al., 1999); dor8FRT19A/
FM7actGFP was from S. Mayor; the nuclear dpp-nuc-lacZP10638 reporter
was from X. Lin. The Rab5::EGFP knockin line (Fabrowski et al., 2013) was
from De Renzis. Overexpression clones in the wing imaginal discs wereent of dispmutant discs incubated with the endocytic marker FM4-64 (red) and
perpendicular to the D/V axis. (E–H) Almost no vesicles double-stained for Hh-
cles over the indicated periods. Three to five discs were examined for each
n-Texas red (Dex, O–P0 ) positive particles were similar in dispmutant cells and
by a dotted green line.
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Figure 5. The Endocytosis of Secreted Hh Is Disp Dependent
(A–F0) Disc overexpressing Hh-GFP and Disp-HA in peripodial cells in the WT (A–C0) and disp mutant (D–F0) backgrounds. (A–A0 0 ) Conventional staining for Hh-
GFP (green, gray). Projections of four confocal sections 250 nm apart at the apical surface. (A0 and A0 0) High-magnification images of the inset demarcated by a
rectangle in (A). Hh-GFP is present in both peripodial and columnar cells. Note the presence of Hh-GFP puncta at the apical pole of cells facing the lumen (green
arrows in A0 0). The lumen between the two epithelia is delimited by brackets and a dotted line in A0. (B–C0) Images show single confocal section of live discs
incubated for 15 min with the endocytic marker FM4-64. (B0–B0 0) Magnification of the boxed area in (B) in columnar cells. Overall, 46% of all Hh-GFP puncta
colocalize with FM4-64. (C andC0) Single XZ confocal section. The dually labeled vesicles are circled. (D–D0 0) Projections of four confocal sections 250 nm apart at
the apical surface. The disp mutant discs are smaller than the WT discs. (D0–D0 0 ) High-magnification images of the boxed area in (D) showing a strong
(legend continued on next page)
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Figure 6. A Model for Hh Trafficking in Hh-Producing Cells
The intracellular pool of Hh (orange particles) is targeted to the apical plasma
membrane in a Disp-independent manner. Once at the outer leaflet of the
plasma membrane, Disp contributes to the apical endocytosis of Hh in pos-
terior cells. Hh is internalized in Rab5 early endosomes, subsequently following
the canonical rapid recycling pathway regulatedbyRab4. The absence of Disp,
Rab5, or Rab4 activity decreases the long-range activity of Hh.obtained with the ‘‘flip-out’’ technique (Basler and Struhl, 1994), using the
actin>CD2>Gal4 transgene recombined with the UAS-GFP transgene to
mark the clones or the abx>lacZ>Gal4 transgene. Clones were induced by
heat shocking L1 larvae at 37C for 10 min. The larvae were then allowed to
grow at 25C until L3 stage, except for UAS-YFP-Rab5CA experiments that
were kept at 18C. Transient expression of the UAS constructs using the
Gal4; tub-Gal80ts system was accomplished by keeping the fly crosses at
18C and inactivating the Gal80ts for 16–24 hr at restrictive temperature
(29C). Recombinant chromosomes were created for hh-Gal4, dispSO37707;
ubx-Gal4, dispSO37707; UAS-DispHA, dispSO37707, by classical genetic tech-
niques. Rescue experiments were carried out by crossing y,w,hs-flp; dpp-
LacZ; hh-Gal4, dispSO37707 FRT82B/TM6b to w; UAS-DispHA; dispSO37707
FRT82B /TM6c.
Mutant clones for disp and dor8 were obtained by FRT-FLP-mediated
recombination (Xu and Rubin, 1993). Clones were induced by heat shocking
L1 larvae for 30 min and then allowing the larvae to grow at 25C. The geno-
types of the flies for clone induction were yw hs-flp 122; dpp-LacZ; dispSO37707
FRT82B/ubiGFP FRT82B and dor8FRT19A/ubiRFP FRT19A hs-flp122.Imaginal Disc Immunostaining, Image Capture, and Analyses
Immunostaining was performed as previously described (Gallet et al., 2006).
Antibodies were used at the following dilutions: mouse 4D9 monoclonal
anti-En (Development Studies Hybridoma Bank University of Iowa – DSHB),
1/1,000; rabbit polyclonal anti-En (Santa Cruz), 1/1,000; mouse monoclonal
anti-Ptc 1/400 (Strutt et al., 2001); rat 2A1 monoclonal anti-Ci antibody, 1:20accumulation of Hh-GFP puncta within the lumen (white arrows in D0 and D0 0). (D0
confocal sections showing uptake experiments with the endocytic marker FM4-6
remains at the apical surface of columnar cells (magnification of the inset in F0). No
observed at the upper left corner in (F) corresponds to a cluster of peripodial cells
and left columns.
(A0 and D0 ) P, peripodial; L, lumen; C, columnar cells.
(A, A0, B–D, D0, E, E0 0, and F) Scale bars represent 20 mm. See also Figure S5.
Develop(DSHB); chicken polyclonal anti-bgal, 1/1,000 (Gen Tex); affinity-purified rabbit
‘‘Calvados’’ polyclonal anti-Hh, 1:400 (Gallet et al., 2003); rabbit polyclonal
anti-Rab5 (Abcam), 1:100; rat DCAD2 polyclonal anti-DE-cadherin (DSHB),
1/50; rabbit polyclonal anti-GFP (Biolabs), 1/400; mouse monoclonal anti-
GFP (Roche), 1/200; rat polyclonal anti-HA (Roche) 1/50; mouse anti-Ubi
(clone FK2; ENZO, Life-Science) 1/1,000. Fluorescent secondary antibodies
were used at 1/100 for Cy3-conjugated donkey anti-rat, Cy3- or Cy5-conju-
gated goat anti-mouse, Cy3- or Cy5-conjugated goat anti-rabbit, and Cy3-
conjugated donkey anti-chicken (Jackson Laboratory), and 1/500 for Alexa
Fluor 488 goat anti-mouse, anti-rat, and anti-rabbit (Life Technologies).
Rhodamine-phalloidin (Molecular Probes) and FluoProbes 647H–Phalloidin
(Interchim) were diluted 1:200. For extracellular Hh staining, L3 larvae
dissected in ice-cold PBS were fixed in PBS-2% paraformaldehyde for
15 min at room temperature and incubated in PBS-2% BSA with rabbit anti-
Hh (1/400) overnight at 4C. The cell surface staining of Hh was revealed in
nonpermeabilized discs. Fluorescence images were obtained with a Leica
TCS SP5 confocal microscope and processed using Adobe Photoshop 7.0.
Most images are stack projections of four to eight views with 250 nm steps,
or single sections at the appropriate level (apical, subapical, or lateral). Z sec-
tions are single sections captured as indicated on the images. Plot analyses
were carried out using ImageJ software and statistical analyses with Microsoft
Excel software.
Endocytosis Assays
Live discs were incubated in ice-cold Schneider’s S2 medium supplemented
with 10% serum and 10 mM FM4-64 FX (Invitrogen) or 0.5 mM Dextran-Texas
red (Life Technologies) for 12 min at 22C and rapidly washed. The discs were
then incubated for various times for chase (up to 45 min) prior to fixation in
4% PBS.
Quantification and Statistics
Quantification of intracellular FM4-64-, Hh-GFP-, Hh-N-GFP-, or GFP-Hh-C-
positive structures was performed manually. The positive structures were
counted in all cells of the posterior compartment from independent and single
XZ sections.
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